Simultaneous zinc and vitamin A deficiency are common health problems in developing countries. The objective of this study was to assess effect of supplementation of high zinc or vitamin A on immune function. After three months of feeding with a zinc and vitamin A deficient diet, mice were assigned into four groups which, for additional two months, received a normal or high zinc along with vitamin A deficient diet and a normal or high vitamin A along with zinc deficient diet. Serum and intestinal mucosa immunoglobulin A (IgA) were determined and supernatants of splenocytes were used to assess interlukin (IL)-2, IL-5, IFN-γ. Mice maintained on zinc deficient diet with normal or high vitamin A resulted in significantly lower production of IFN-γ. Also, supplementation of high dose vitamin A augmented production of the cytokine as compared to normal intake of the vitamin. Supplementation of either normal or high zinc along with low vitamin A diet significantly led to higher production of IFN-γ as compared to those receiving zinc limited but adequate vitamin A. High intake of zinc along with vitamin A deficient diet significantly enhanced secretion of IL-2. Levels of serum and mucosal IgA and IL-5 were not be significantly modulated. Moreover, animals fed with high doses of zinc showed increased IL-2 production than those that had normal intake of zinc. Results indicated that zinc and vitamin A supplementation up-regulates production of T-cell cytokines, IFN-γ and IL-2.
Introduction
Effective function of the immune system as the most important contributor to maintenance of good health and defense against infections is strongly affected by nutriational status. In recent years, the effect of nutrition, in particular micronutrients on various aspects of immune function has become increasingly apparent [1, 2] .
Zinc is among the most important micronutrients involved in modulation of immune function. It is recognized to be present in almost every cell, known to support the healthy immune system and needed for wound healing [3] . It also regulates several functions of lymphocytes, such as mitogenesis [4] , antibody synthesis [5] , activation of T cells and natural killer cells, and more specifically cellular immunity [6] . In persons sufferings from zinc deficiency (ZD), clinical signs of depressed immunity such as frequent infections and bullous pustular dermatitis are abundant [7] [8] [9] . Furthermore, ZD has been shown to increase the susceptibility of infants and children to gastrointestinal infections due to its adverse effects on gastrointestinal tract structure and function [10, 11] . The intestine is one of the tissues most sensitive to ZD. Flattening of villi, decreased numbers of crypts, inflammatory cell infiltration of the lamina propria and lesions of intestinal mucosa have been reported in both experimental animals and humans suffering from ZD [12] [13] [14] .
Alternatively, vitamin A and its metabolites have essential role in modulating a broad range of immune processes, such as lymphocyte activation and proliferation [15, 16] , immunoglobulin production [17] , T-Helper-Cell differentiation and development of T-Helper-2-Cell [18] , cell growth, differentiation and the maintenance of epithelium [19] and regulation of the immune response [20, 21] . Vitamin A deficient infants and preschool children are more susceptible to respiratory tract infections as well as disseminated virus infections such as measles [22] . The mortality rate and incidence of diseases in these children are decreased by vitamin A supplementation, suggesting that host defense is affected by the vitamin A deficiency [23] [24] [25] .
It is well known that simultaneous VAD and ZD are common in many developing countries and strong interaction exists in absorption, transport and metabolism of the two nutrients [26] . However, to our best knowledge, there is no report to address concurrent effects of this two nutrients on any aspects of specific T-Helper-1 (Th1) and Th2-driven immune responses.
To simulate current nutritional status of the two trace elements in many developing parts of the world, animals were first maintained on a vitamin A and zinc limited diet and effect of varying doses of vitamin A or zinc supplementation on immune responses in the animals were examined.
Materials and Methods

Animals and Husbandry
A controlled 12 h light-dark cycle, temperature (20˚C -22˚C) and relative humidity of 50% -60% were maintained in the animal room. All animals had free access to casein based semi-purified experimental diet (Oriental Yeast Co., Japan) and distilled water, throughout. The food was prepared every day and food intake was determined daily. Body weights were recorded twice per week and total body weight gain was determined.
Experimental Design and Diets
Young adult, male, pathogen free, ddY mice (N = 22, average weight 27 -29 g) and aged 6 weeks were fed with a low vitamin A and zinc (550 IU vitamin A/kg, 5.2 mg zinc/kg) diet for twelve weeks and then randomly assigned into four groups with two of groups supplemented only with adequate vitamin A (group B; 5000 IU vitamin A/kg, 5.2 mg zinc/kg) or high vitamin A (group C; 10 5 IU vitamin A/kg, 5.2 mg zinc/kg) and two other groups supplemented only with normal zinc (group D; 60.2 mg zinc/kg, 550 IU vitamin A/kg) or high zinc (group E; 500 mg zinc/kg, 550 IU vitamin A/kg) for an additional eight weeks. Mice in group A, as a control group, (n = 6) were fed a normal diet containing sufficient retinyl acetate, as vitamin A, and zinc (5000 IU vitamin A/kg, 60.2 mg zinc/kg) for whole the period. A detailed formula of the diets is provided in Table 1 .
Blood Collection
At the end of experiment mice were killed under deep anesthesia with Nembatul (Dainippon Pharmaceutical Co., Ltd., Japan,). The blood was collected via main abdominal vein and immediately centrifuged and the sera stored in −20˚C until used.
Preparation of Intestinal Mucosa Extracts
Segments of small intestine were carefully released from the nearly 2 cm after stomach to the ileocecal valve. Mucosal piles were immediately weighed and maintained 4 Vitamin mixture contained the following (mg/100g mixture): vitamin D3, 0.25 (10,000 IU); vitamin E acetate, 500; vitamin K3, 520; vitamin B1 hydrochloride, 120; vitamin B2 400; vitamin B6 hydrochloride, 80; vitamin B12, 0.05; vitamin C, 3000; D-biotin, 2; folic acid, 20; calcium pantothenate, 500; para-aminobenzoic acid, 500; nicotinic acid, 600; inositol, 600; choline chloride, 20,000; cellulose powder, 73057.7. in 1 ml of cold phosphate buffer saline (PBS) and homogenized with digital Teflon homogenizer (AS ONE, model: AN, Japan) for 1 minute at 4000 rpm. After centrifugation for 20 minutes at 4˚C with the speed of 13,500 rpm, supernatants were used for Immunoglobulin A (IgA) quantification.
Quantification of Serum and Intestinal Mucosa Total IgA
Serum and intestinal mucosa total IgA were determined by enzyme-linked immunosorbent assay (ELISA) method using a mouse IgA ELISA quantitation kit (system number E90-103 from Bethyl laboratories, Inc., TX, USA) according to the manufacturer-s instructions. In brief, goat anti-mouse IgA-affinity purified antibody were dispensed in each well and incubated for an hour at room temperature. They were then washed with a wash solution containing 50 mM Tris, 0.14 M NaCl, 0.05% Tween 20 for three times. Non specific binding sites were blocked with blocking solution and incubated for 30 minutes at room temperature. After washing for three times, standards and samples were added and incubated for 60 minutes at room temperature. HRP conjugated Goat anti-mouse IgA were added to each well and incubated for 60 min at room temperature. Finally tetramethylbenzidine (TMB) was used as substrate and absorbance was read with ELISA reader (Corona Electric, MTP-32, Japan) at 450 nm.
Cytokine Production against Anti-CD 3
The spleens were isolated and used for preparation of cell suspensions under aseptic conditions. Each spleen was put into a Petri dish containing 10 ml of RPMI 1640 media (Sigma, USA) and scratched by coarse glass slides under sterile conditions. The cell suspensions were passed through a nylon mesh and then centrifuged for 10 minutes in 2000 rpm at 4˚C. To lyse the red blood cells, 1 ml of a solution of 0.83% NH 4 Cl in Tris-HCl (pH 7.4) buffer was added into the cell pellet. Then, the samples were incubated at 37˚C for 10 minutes and mixed with 10 ml of the media and centrifuged. An additional washing was done using complete RPMI 1640 medium containing 100 U/ml penicillin, 100 µg/ml streptomycin and 5 × 10 −5 M of 2-mercaptoethanol and 10% heat inactivated fetal bovine with subsequent centrifugation. The supernatants were removed and 1 ml of the complete media was added. To test viability of the cells, 100 µl of the resultant solution was mixed with equal volume of a solution of 0.4% trypan blue. Culture plates were treated with filtered anti-mouse CD 3 hamster monoclonal antibody (R & D system Inc., USA) and incubated overnight at 4˚C. On the next day, the contents of the wells were aseptically aspirated and washed with complete media. Finally, 500 μl of the media and 500 μl of cell suspensions were added into each well to provide final concentration of 5 × 10 6 cell/ml.
Measurement of Interleukin IL-5
The level of IL-5 in supernatants was determined using a commercially available mouse IL-5 ELISA kit (PIERSE ENDOGEN, Rockford, USA). Briefly, mouse IL-5 standard was reconstituted in RPMI 1640 and diluted serially at range of 0 to 320 pg/ml in the medium. Then, 50 µl of plate reagent containing 0.1% sodium azide was added into each well of anti-mouse IL-5 pre-coated micro plates with 50 µl of the standards and samples. The plates were then sealed and incubated at 37˚C for 2 hours. After 5 times washing, 100 µl/well of anti-mouse IL-5 Peroxidase Conjugate Reagent was added and incubated at 37˚C for 1 hour. Then, the wells were washed five times with the wash buffer and treated with 100 µl of TMBZ substrate and incubated for 30 minutes. The reaction was stopped by solution containing 0.18 M H 2 SO 4 and absorbance was read using the ELISA reader at 450 nm.
IL-2 and Interferon IFN-γ Assay
Concentrations of IL-2 and IFN-γ in culture supernatants of splenocytes stimulated with anti-CD 3 were determined using commercially available kits (eBioscience mouse ELISA kits) following manufacturer's instructions. Briefly, capture antibodies of the two cytokines were diluted in coating buffer and added into each well of micro plates (100 µl/ well) and incubated overnight at 4˚C. The plates were washed three times with PBS buffer containing 0.05% Tween-20 (PBS-T). They were then treated with 200 µl of assay diluent and incubated at room temperature for 1 hour. 100 µl/wells of standards or samples were added into wells and incubated at room temperature for 2 hours. After washing 5 times, detection monoclonal antibody was added and incubated at room temperature for an hour. Then, the wells were washed and 100 µl/well of avidin-HRP was added. Finally, after washing 7 times, TMBZ was added and absorbance was read using the ELISA reader at 450 nm.
Statistics
The Data were analyzed with a SPSS for windows statistical package (version 10). Statistical analysis was done using one-way analysis of variance (ANOVA). For post Hoc comparisons, least significant (LSD) test was used. The data were expressed as mean ± SD and considered significant at P < 0.05.
Results
Animal Growth and Food Intake
As shown in Table 2 , there were no significant differences in final body weights and weight gains among all experimental groups. Animals kept on a high vitamin A with low zinc diet (group C) had significantly more (P < 0.05) food intake as compared with the others, whereas, this group had negative weight gain and less feed efficiency as compared with the other groups.
Serum and Mucosal IgA
As shown in Table 3 , serum and mucosal level of IgA could not be modulated with experimental diet and no difference was observed among experimental groups.
However, remarkable reduction of IgA was shown in group fed with high zinc but low vitamin A diet (group E) for both serum and mucosal IgA.
Production of IL-5, IFN-γ and IL-2
As shown in Figure 1 , in the animals depleted for both zinc and vitamin A, supplementation of either zinc or vitamin A did not show any modulator effect on production of IL-5 by splenocytes stimulated with anti-CD 3 . The highest production of IL-5 was found in group C receiving high level of dietary vitamin A. However, the difference was not statistically significant.
As shown in Figure 1 , mice maintained on zinc deficient diet with adequate vitamin A (group B) and high amount of the nutrient (group C) had significantly lower production of IFN-γ as compared to the control group (P < 0.001, P < 0.05, respectively). Also, supplementation of high vitamin A along with low zinc (group C) significantly augmented (P < 0.05) production of the cytokine as compared to the group maintained on recommended level of vitamin A (group B). Animals supplemented with either normal (group D) or high zinc (group E) along with low vitamin A had significantly higher production of IFN-γ as compared to group B, receiving a diet with limited zinc and adequate vitamin A (P < 0.05, P < 0.01, respectively). As shown in Figure 1 , lack of vitamin A in the animals supplemented with sufficient level of zinc (group D) and Also lack of zinc in the animals supplemented with sufficient level of vitamin A (group B) did not affect production of IL-2 in splenocytes stimulated with anti-CD 3 as compared to the control group.
High intake of vitamin A along with low zinc (group C) remarkably augmented (P = 0.06) production of IL-2 as compared to group maintained on recommended level of vitamin A (group B). The highest titer of IL-2 was detected in group kept on high dosage of zinc along with vitamin A free diet (group E). High zinc, low vitamin A diet (group E) significantly enhanced secretion of IL-2 by splenocytes in comparison to the control group (P < 0.01). Moreover, animals fed with high dosage of zinc (group E) showed increased IL-2 production than those which had normal intake of zinc (group D) (P < 0.05). Finally, animals fed with a high zinc, low vitamin A diet (group E) showed a significantly higher production of IL-2 as compared to group B kept on low zinc, and normal vitamin A diet (P < 0.01).
Discussion
Zinc and vitamin A status influences several aspects of metabolism, including absorption, transport, and utilizetion of the two nutrients. Fluctuation in the status of one or both micronutrients may reasonably alter the metabolism of the other, with functional consequences on the health of the individual [26] . We observed a higher food intake with negative weight gain and a decreased feed efficiency in mice receiving low zinc, high vitamin A diet. These finding is attributable to lack of zinc or high intake of vitamin A. Earlier investigations have defined anorexia as an important signs for zinc deficiency [27, 28] and reported less food intake, less weight gain for zinc deficient animals [28, 29] . Therefore, less weight gain in zinc deficient animals is a consequence of anorexia and subsequent low food intake. Hence, we speculate that observed high food intake beside less weight gain might be due to high intake of vitamin A. The observation is similar to reports that high dose supplementation of vitamin A results in high food intake and less weight gain in mice [30, 31] . From the other side, in the present study, animals kept on a low zinc with enough vitamin A diet (group B) did not show the same trend, which can strongly support that high food intake is consequence of high consumption of vitamin A and is not related to zinc deficiency.
The secretary IgA production system is the principal arm of the mucosal immune response that protects the upper respiratory and enteric tract against pathogenic organisms. Modulation of IgA production by varying dietary levels was reported in previous reports [32] [33] [34] . In the current study, remarkable reduction of serum and intestinal mucosa IgA in mice on a diet with high zinc, low vitamin A (group E) compared to mice in control and normal zinc, low vitamin A groups suggest that IgA reduction correlate with high intake of zinc. The finding is in consistent with a previous report [35] . We speculate that a higher zinc supplementation suppresses IgA production and is associated with shifting of immune responses to Th1 dominance. This was well supported by enhanced IFN-γ and IL-2 production (Th1 cytokines) in the same group. Several in vitro investigations suggested that dietary vitamin A regulated the function of Th2 cells. For example it has been reported that retinoic acid can induce IL-5 synthesis by splenocytes [36, 37] . The modest augmentation of IL-5 level by high supplementation of dietary vitamin A in zinc restricted animals (group C) supported the findings. In addition, zinc restriction in the same animals did not affect production of IL-5 that was in concordant with previously reported studies indicating that ZD did not modulate production of Th2 cytokines [38, 39] . IFN-γ and IL-2 are key cytokines to shift balance of immune system toward Th1. There are lots of studies indicating down-regulation of Th1 cytokines with vitamin A supplementation [40] [41] [42] [43] . By contrast, the others reported positive effect of the nutrient on IFN-γ [44] . Zinc deficiency is reported to reduce IFN-γ production [38] . So, in the current study we observed a significant reduction of IFN-γ in the animals supplemented with vitamin A during ZD (groups B and C) in comparison to the mice in control group. But, an augmentation in production of IFN-γ in animals fed with high doses of vitamin A (group C) than those fed with sufficient doses of the vitamin (group B) clearly supported up-regulation of IFN-γ production by vitamin A. Further investigations might be of help to better clarify the relationship between IFN-γ production and vitamin A with or without co-existing ZD.
IL-2, produced by Th1 cells, is a T cell growth factor. It triggers peripheral T lymphocytes to enter the S phase of the cell cycle for cell division and enhances natural killer cells for host resistance to tumor development and growth and bacterial infection. The current report indicated that high dose supplementation vitamin A regulated positively production of IL-2. This was in good agreement with recent reports explained inhibitory effect of retinoic acid on spontaneous apoptosis of activated T lymphocytes through a retinoic acid receptor dependent increase in IL-2 production [45, 46] . All-trans-retinoic acid is considered as stimulus of cell cycle machinery and proliferation of normal human T cells by increasing IL-2 secretion through mechanisms involving RARs [47] . In harmony with the mentioned reports, we have been able to show augmented levels of IL-2 in zinc deficient animals with high intake of vitamin A (group C) than adequate intake of vitamin A. This might be implying that vitamin A functions as a Th1 modulator.
Furthermore, the important role of zinc as an essential trace element for cell mediated immunity has already been well established [48, 49] . It is demonstrated that zinc mediates positively the gene expression of IL-2 and IFN-γ in the Th1 cell lines [50] . Moreover, ZD induced by an experimental diet in human subjects decreased the level of IFN-γ, and zinc supplementation to these zincdeficient subjects reversed the level of IFN-γ [51] . In the study, zinc-deficient cells exhibited decreased levels of IFN-γ mRNA and cytokine compared with zinc-sufficient cells, which suggesting that zinc may mediate the gene expression of IFN-γ in Th0 and Th1 cells [51] . Our findings confirmed the reports. We observed that in the animals with vitamin A limitation, high dose utilization of zinc (group E) up regulated production of the both IFN-γ and IL-2 as compared to low or normal intake of zinc (groups B and D). So, it is concluded that the findings can further support the efficacy of zinc on cellular immunity.
In conclusion, these findings indicated that supplementation of zinc augments production of IL-2 and IFN-γ, the two key T cell cytokines. Also, supplementation of vitamin A in zinc deficient animals enhances production of the same cytokines. Therefore, this study was emphasized that examining synergistic effect of the two elements is very important in better clarifying the effect of zinc or vitamin A on many aspects of immune function.
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